The aim of this study was to investigate the effects of supplementing the diet of the male chicken with \g=a\-linolenic acid (18:3n- 
Introduction
The phospholipids of mammalian spermatozoa display a highly characteristic fatty acid composition, the most striking feature of which is the presence of extremely high proportions of docosahexaenoic acid (22:6n-3) (Neill and Masters, 1972;  Poulos and White, 1973; Poulos et al, 1973; Scott, 1973; Jain and Anand, 1976; Salem et al, 1986; Lin et al, 1993) . This long-chain, highly polyunsaturated fatty acid is also present at very high concentrations in the phospholipids of the retina and brain (Salem et al, 1986; Neuringer et al, 1988) . In contrast to mammals, spermatozoa from avian species that have so far been studied display extremely low concentrations of docosa¬ hexaenoic acid in their phospholipids. Instead, the major fatty acyl components of avian spermatozoa are arachidonic (20:4n-6) and docosatetraenoic (22:4n-6) acids (Darin-Bennett et al, 1974; Howarth et al, 1977; Ravie and Lake, 1985; Kelso et al, 1996) . Thus, avian spermatozoa are characterized by high amounts of C20_22 polyunsaturates of the n-6 series, whereas long-chain fatty acids of the n-3 series predominate in mammalian spermatozoa. However, it should be noted that the compositional data for avian spermatozoa are almost wholly confined to domestic poultry species (the chicken and the turkey) and that little information is available for birds living in the wild. Since commercial poultry production currently relies on compounded feeds that generally contain a vast excess of acids (Noble, 1986) , it is conceivable that the reported fatty acid composition of avian spermatozoa is a dietary-induced displacement from the 'natural' pattern rather than a true phylogenetic difference from mammals.
It is well known that animals deprived of a source of n-3 fatty acids at critical stages of embryonic or neonatal develop¬ ment display greatly reduced concentrations of 22:6n-3 in brain and retina phospholipids and, by way of compensation, accu¬ mulate high proportions of long-chain n-6 fatty acids such as 22:4n-6 and 22:5n-6 (Salem et al, 1986; Neuringer et al, 1988; Anderson et al, 1989) . Thus, the characteristic fatty acid profiles of poultry spermatozoa are typical of those associated with n-3 deficiency. There is considerable evidence that 22:6n-3 performs an essential role in the functional maturation of tissues such as the brain and retina and that its replacement by 22:4n-6 and 22:5n-6 during n-3 deficiency is unable to prevent a range of functional impairments (Neuringer et al, 1988; Sanders et al, 1988; Innis, 1991) . Similarly, it appears that the 22:6n-3 present in mammalian spermatozoa also performs an essential function in promoting optimal fertility, as marked reductions in the amount of this fatty acid in spermatozoa are associated with impaired sperm number, motility and fertilizing ability (Nissan et al, 1981; Nissan and Kreysel, 1983 (Christie, 1982) . The lipids were fraction¬ ated into their major classes (phospholipid, triacylglycerol, cholesterol, cholesteryl ester and free fatty acid) by thin layer chromatography on silica gel G using a solvent system of hexane:diethyl etherformic acid (80:20:1 v:v:v). After spraying the gel with 2,7-dichlorofluorescein (0.1% (w/v) in methanol), the bands were visualized under the UV light and the separated bands were then scraped from the plates. Phospholipid was eluted from the silica by washing it three times with 2 ml methanol; the other lipid classes were similarly eluted using diethyl ether. The isolated lipid classes (with the exception of cholesterol) were subjected to fransmethylation by refluxing for 30 min with methanol:toluene:sulfuric acid (20:10:1, v:v:v) in the presence of a pentadecaenoic acid (15:0) standard (Christie et al, 1970 (Christie et al, 1970) . Cholesterol was determined by an enzymic-colorimetric method using a kit system (Boehringer Ltd, Lewes).
The individual phospholipid classes (phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, cardiolipin and sphingomyelin) were separated by high performance thin layer chromatography using a solvent system of methyl acetate:isopropanol:chloroform:methanol:0.25% (w/v in H20) KC1 (25:25:25:19:9, v:v:v:v:v) , as described by Olsen and Henderson (1989 (Table 4) .
The major polyunsaturated fatty acid components of the phospholipids in spermatozoa from the control birds were 20:4n-6 and 22:4n-6; these phospholipids were almost devoid of n-3 polyunsaturated fatty acids apart from very low concentrations of 22:6n-3 (approximately 2%, w/w) and 22:5n-3 (0.5-1.0%, w/w) (Table 5) . Age-related changes in these components included a significant decrease in the pro¬ portion of 22:4n-6 and increased concentrations of oleic (18:ln-9) and linoleic (18:2n-6) acids by 72 weeks of age.
Dietary supplementation with 18:3n-3 resulted in small but significant effects on these fatty acid profiles. In particular, n-3 supplementation significantly increased the proportion of 22:5n-3 at 39 and 54 weeks, although the maximum amount of 22:5n-3 thus attained was only 5.2% (w/w) of the total phospholipid fatty acids. Most notably, no significant changes in the amount of 22:6n-3 were induced by 18:3n-3 supplemen¬ tation, apart from a very small increase (from 1.9% to 2.4%, w/w) at week 54 and a small decrease at week 72. However, the net effect of these small changes in the proportions of individual fatty acids as a result of 18:3n-3 supplementation was to produce considerable decreases in the C20_22 n-6:n-3 ratio at 39 and 54 weeks. (Table 6 ). An unforeseen consequence of supplementing the diet with n-3 was a marked increase in the concentration of saturated fatty acids, particularly stearic acid (18:0), in the sperm phospholipid at 72 weeks (Table 5) . This resulted in a marked decrease in the polyunsaturated: saturated ratio at this stage (Table 6) .
Discussion
The present study has revealed four main findings. First nd, not detected. Table 6 . Effects of supplementing the diet of cockerels with a-linolenic acid (18:3n-3) on the ratios of polyunsaturated (P): saturated (S), n-6:n-3 and C20_22 n-6:n-3 fatty acids in sperm phospholipids at 24, 39, 54 and 72 weeks of age 24 weeks 39 weeks 54 weeks 72 weeks Ratio Control n-3 diet Control n-3 diet Control n-3 diet Control n-3 diet P:S n-6:n-3 n-6:n-3
1.2 ± 0.1a 9.5 ± 1.3a 11.0+1.5a
1.3 + 0.1" 8.6 ± 1.6a 10.9 + 1.9a
1.2 ± 0.1a 10.9 ± 0.5a 9.9 ± 0.4a was maximal when fertility was high (at 39 weeks) but had decreased significantly by 72 weeks when fertility was declin¬ ing. The potential importance of long-chain polyunsaturated fatty acids in sperm function was underlined by the decrease in the proportion of 22:4n-6 in the total phospholipid at 72 weeks of age. These changes in lipid composition with age confirm and extend previous observations (Kelso et al, 1996) .
The second key result of this study is related to the question of whether the reported predominance of n-6 polyunsaturated fatty acids in avian sperm lipids, in contrast to the predomi¬ nance of n-3 fatty acids in mammalian sperm lipids, represents a true phylogenetic difference between birds and mammals or is simply an artefact resulting from the feeding of commercial diets to domestic poultry. In general, the fatty acid compo¬ sitions of the tissue lipids of animals maintained in captivity should be interpreted with some caution since the commercial diets provided may differ greatly in their fatty acid profiles from the natural diets available in the wild. In particular, such commercial diets often contain very high proportions of n-6 fatty acids, to the detriment of n-3 fatty acids (Noble, 1986 ). Traditionally it was believed that the synthesis of n-6 and n-3 C22 polyunsaturates from their Clg precursors was performed via the sequential action of 56-, 55-and 54-desaturases plus the intervening elongation steps (Brenner, 1989) . However, recent work using a range of mammalian cell types suggests that the direct conversion of 22:4n-6 to 22:5n-6 and of 22:5n-3 to 22:6n-3 via the action of 54-desaturase does not take place.
Instead, it appears that this conversion may occur via a more circuitous route involving microsomal elongation to C24 poly¬ unsaturates followed by retroconversion of these intermediates to 22:5n-6 and 22:6n-3 via peroxisomal ß-oxidation (Moore et al, 1995; Sprecher et al, 1995 sponded with the increased amount of 22:5n-3 and the decreased n-6:n-3 ratio displayed by the sperm phospholipid at this stage. Thus, although the results of this study indicate that n-6 polyunsaturates probably represent the natural major constituents of avian spermatozoa, the precise balance of n-6:n-3 fatty acids may be crucial to the realization of optimal fertility. It was also noteworthy that the derangement of the polyunsaturate:saturate ratio induced by the 18:3n-3-enriched diet at week 72 was associated with a significant decrease in sperm motility. In summary, the supplementation of the cockerel diet with 18:3n-3 was associated with a significant increase in the fertilizing ability of their spermatozoa at 39 weeks of age and with a corresponding increase in the proportion of n-3 fatty acids.
